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In this study we apply the Remler formalism to charmonium production at Super Proton Synchrotron (SPS)
and GSI/Facility for Antiproton and Ion Research (FAIR) energies in order to investigate the effects of baryon-
rich matter on charmonium production and dissociation in heavy-ion collisions within the parton-hadron-string
dynamics. As a first step the Remler formalism is tested in p + p collisions and then applied to p + A collisions
in order to extract the nuclear absorption cross section of charmonium, which is then utilized in heavy-ion
collisions. We find that the Remler formalism successfully describes charmonium production in heavy-ion
collisions at SPS energies when an in-medium heavy quark potential is implemented, in which J/ψ dissociates
near Tc. Finally, the same formalism is applied to the low CERN/SPS energy and GSI/FAIR energies, where we
estimate charmonium production.
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I. INTRODUCTION

Relativistic heavy-ion collisions provide a unique oppor-
tunity to create and study hot and dense strongly interacting
matter under laboratory conditions. Lattice QCD calculations
indicate that, with increasing temperature QCD matter un-
dergoes a transition from hadronic stage to a deconfined
quark-gluon plasma (QGP). In the temperature–baryon chem-
ical potential (T -μB) plane, this transition is established to be
a crossover at small μB. At larger μB, a possible first-order
phase transition is expected, which would be connected to the
crossover region through a possible critical end point. How-
ever, the high-μB region remains challenging to access from
first-principles lattice QCD calculations due to the fermion
sign problem.

Among the proposed probes of the QGP, quarkonium oc-
cupies a central role. Matsui and Satz first suggested that the
suppression of J/ψ production could provide a signature of
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QGP formation [1]. In a deconfined medium, color screening
reduces the attractive interaction between a heavy quark and
antiquark, thereby weakening or even preventing the forma-
tion of bound quarkonium states.

In addition, quarkonium states can be dissociated through
interactions with thermal quarks and gluons in the medium
even after they have formed. This mechanism is referred to
as thermal dissociation of quarkonium [2,3]. In terms of the
heavy-quark potential, color screening is related to the real
part of the potential, while thermal dissociation is associated
with its imaginary part [4,5].

Quarkonium production remains of particular interest in
the high-μB region. At relatively low collision energies,
where baryon-rich matter is created, the production of charm-
anticharm pairs is rare, and typically no more than one cc̄
pair is produced per collision. In this case, each charm and
anticharm quark can be traced without interference from
additional charm pairs produced in the same event, which
frequently occurs in high-energy collisions at the Relativistic
Heavy Ion Collider and Large Hadron Collider (LHC). This
allows one to study the correlations between produced charm
and anticharm quarks in heavy-ion collisions and provides
valuable information on (anti)charm interactions in dense
matter at high-μB.

Several theoretical and phenomenological studies have
investigated quarkonium properties in baryon-rich partonic
and hadronic matter. For example, in the hard thermal loop
approach [6,7] increasing μB enhances the screening mass
between a heavy quark pair, thereby weakening the binding
of quarkonium. It has also been suggested that the spectral
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function of charmonium [8–11], as well as those of open
charm mesons [12,13], may be modified in nuclear matter.
According to QCD sum rule analyses, the D meson mass is
much more sensitive to chiral symmetry restoration in nuclear
matter through the reduction of the light-quark condensate,
whereas the medium modification of the charmonium mass
arises only from changes in the gluon condensate. Conse-
quently, the mass shift of the D meson in nuclear matter is
about an order of magnitude larger than that of charmonium,
which is only about 5–10 MeV at nuclear saturation density
[8–10,12].

In this study, we estimate charmonium production in
heavy-ion collisions at the Super Proton Synchrotron (SPS)
and Facility for Antiproton and Ion Research (FAIR) ener-
gies, which provide access to matter with relatively large
μB. For this study we neglect the possible changes of the
properties of quarkonia in a purely hadronic environment at
large temperature and chemical potential. For quarkonia in the
environment of a QGP we investigate two scenarios, both dis-
cussed presently in the literature: We first study the case where
the real part of the potential between charm and anticharm
quarks does not depend on the temperature of the QGP [14],
followed by investigating a heavy quark–antiquark potential
whose strength decreases with increasing temperature of the
QGP [15–17]

For this purpose, we adopt the Remler formalism [18–25],
in which charmonium production is expressed as the projec-
tion of the charmonium Wigner function onto the phase-space
distribution of charm and anticharm quarks. This approach
has already been applied to p + p collisions for both char-
monium and bottomonium, yielding results consistent with
experimental data [21,22,25]. Charmonium production is then
investigated in p + A collisions at SPS energies in order
to extract the nuclear absorption cross sections within the
parton-hadron-string dynamics (PHSD) approach [26–28].
Subsequently, the Remlar formalism is extended to heavy-ion
collisions, including charmonium formation and interactions
in the QGP.

PHSD is a nonequilibrium microscopic transport approach
that describes strongly interacting hadronic and partonic mat-
ter produced in p + p, p + A, and heavy-ion collisions. It has
successfully described the production not only of bulk par-
ticles but also of electromagnetic probes [29–31] and heavy
flavors [21,22,25,32,33] in heavy-ion collisions. Since the
baryon chemical potential at SPS energies is not very large,
the corresponding trajectory in the QCD phase diagram is not
expected to passes through the critical end point. In contrast,
the GSI/FAIR program will probe a much larger value of μB

and may approach the critical end point, providing valuable
information about this region of the phase diagram.

This paper is organized as follows: The general theoretical
framework for charm dynamics, including charm production
in PHSD, the Remler formalism for charmonium formation
in the QGP, and the hadronic interactions of charmonium,
is outlined in Sec. II. The results for charmonium pro-
duction in p + p, p + A, and heavy-ion collisions at SPS
energies, as well as estimates for GSI/FAIR energies, are pre-
sented in Sec. III. Finally, the conclusions are summarized in
Sec. IV.
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FIG. 1. The parameterized cross section for charm production in
p + p collisions as a function of center-of-mass energy, compared
with various experimental data.

II. CHARM DYNAMICS

In this section, we outline the theoretical framework used
to describe charmonium production. First, we briefly review
how heavy flavors are produced within the PHSD approach.
We then discuss the Remler formalism, which has been
adopted to describe bottomonium production in p + p and
heavy-ion collisions at the LHC [25]. The Remler formalism
for charmonium is applied up to the critical temperature Tc,
where all charm quarks hadronize. Subsequently, the hadronic
interactions of charmonium are taken into acocunt.

A. Charm quark production in parton-hadron-string dynamics

In the PHSD approach, heavy quarks are produced through
hard nucleon-nucleon scatterings, which are simulated us-
ing the PYTHIA event generator [34]. PYTHIA is based
on leading-order calculations in perturbative QCD (pQCD).
To include higher-order effects, the transverse momentum
and rapidity of heavy quarks are rescaled such that their
distributions reproduce those obtained from the fixed-order-
next-to-leading-logarithm calculations [35–38].

However, PYTHIA is not used to determine the total cross
section for charm production in p + p collisions. Instead, the
total cross section is parameterized [32] using experimental
data covering a wide range of collision energies, shown in
Fig. 1.

In heavy-ion collisions, the parton distribution functions
(PDFs) are modified inside nuclei due to multiple scatterings
of partons, an effect known as (anti)shadowing. Since heavy
quarks are produced through parton-parton scattering, these
modifications of PDFs, which affect charm production, are
taken into account using the EPS09 nuclear parton distribution
set [39]. At relatively low energies such as at SPS and FAIR,
charm production occurs predominantly in the antishadowing
region. This enhances the charm yield. In contrast, at LHC
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it takes place mainly in the shadowing region, leading to a
suppression of charm production at midrapidity [38].

B. Charm quark interactions in QGP

The produced heavy quarks subsequently interact with
massive off-shell quarks and gluons in the QGP described by
the dynamical quasiparticle model (DQPM) [28,40–42].

We recall that the DQPM [28,40–42] is a phenomeno-
logical effective model for describing nonperturbative QCD
matter in terms of strongly interacting quasiparticles. It is
formulated in a two-particle-irreducible propagator represen-
tation, where dressed partonic propagators encode medium-
dependent masses and widths. The model’s equation of state is
matched to lattice-QCD (lQCD) results, allowing the DQPM
to describe the thermodynamic and transport properties of
the strongly coupled quark-gluon plasma beyond perturbative
QCD in the whole (T, μB) plane [28].

The spectral functions are no longer δ functions but have
the form separately for quarks, antiquarks, and gluons ( j =
q, q̄, g) [30],

ρ j (ω, p) = γ j

Ẽ j

(
1

(ω − Ẽ j )2 + γ 2
j

− 1

(ω + Ẽ j )2 + γ 2
j

)

≡ 4ωγ j(
ω2 − �p2 − M2

j

)2 + 4γ 2
j ω

2
, (1)

where Ẽ2
j (p) = p2 + M2

j − γ 2
j with the widths γ j and the

masses Mj . The spectral function is antisymmetric in ω and
normalized as∫ ∞

−∞

dω

2π
ω ρ j (ω, p) =

∫ ∞

0
dω

ω

π
ρ j (ω, p) = 1. (2)

The dynamical quasiparticle mass M is given by the HTL
thermal mass in the asymptotic high-momentum regime, i.e.,
for gluons by [30]

M2
g (T, μq) = g2(T, μq)

6

⎛
⎝(

Nc + 1

2
Nf

)
T 2 + Nc

2

∑
q

μ2
q

π2

⎞
⎠,

(3)
and for quarks (antiquarks) by

M2
q(q̄)(T, μq) = N2

c − 1

8Nc
g2(T, μq)

(
T 2 + μ2

q

π2

)
, (4)

where Nc (=3) denotes the number of colors while Nf (= 3)
denotes the number of light flavors. Equation (4) determines
masses for the (u, d) quarks, the strange quark has a larger
bare mass for controlling the strangeness ratio in the QGP.
Empirically, we find Ms(T, μB) = Mu/d (T, μB) + �M, where
�M = 30 MeV, which has been fixed once in comparison
to experimental data. Furthermore, the effective quarks, anti-
quarks, and gluons in the DQPM have finite widths γ , which
are taken in the form [30]

γ j (T, μB) = 1

3
Cj

g2(T, μB)T

8π
ln

(
2cm

g2(T, μB)
+ 1

)
. (5)

Here cm = 14.4 is related to a magnetic cutoff, which is an

additional parameter of the DQPM, and Cq = N2
c −1
2Nc

= 4/3 and
Cg = Nc = 3 are the QCD color factors for quarks and for
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FIG. 2. Running coupling constant αs as a function of T/Tc for
μB = 0, 0.2, 04 MeV. The lattice results for quenched QCD are as
follows: Nf = 0 (blue circles), are taken from Ref. [46], Nf = 2
(orange inverted triangles) from Ref. [47], and Nf = 2 + 1 (red tri-
angles) from Ref. [48].

gluons, respectively. We also assume that all (anti-)quarks
have the same width. With the choice of Eq. (1), the complex
self-energies for gluons 
 = M2

g − 2iωγg and for (anti)quarks
�q = M2

q − 2iωγq are fully defined via Eqs. (3), (4), and (5).
The strength of the interaction is defined by the coupling
constant g2 = 4παs. This is an essential quantity which enters
the definition of the DQPM thermal masses and widths and so
determines all the microscopic properties as well as transport
coefficients. In the DQPM this quantity can be extracted from
lQCD in the following way. At vanishing chemical potential
g2 is obtained by a parametrization, introduced in Ref. [43],
of the lQCD results for the entropy density s(T, μB = 0)
obtained by the BW Collaboration [44],

g2(T, μB = 0) = d
((

s(T, 0)/sQCD
SB

)e − 1
) f

. (6)

Here sQCD
SB = 19/9π2T 3 is the Stefan-Boltzmann entropy den-

sity and d = 169.934, e = −0.178434 and f = 1.14631 are
the dimensionless parameters. The extension of the coupling
constant to finite baryon chemical potential μB is realized
using a scaling hypothesis [45], which works up to μB ≈ 500
MeV. It assumes that g2 is a function of the ratio of the effec-
tive temperature T ∗ =

√
T 2 + μ2

q/π
2 and the μB-dependent

critical temperature Tc(μB) as

g2(T/Tc, μB) = g2

(
T ∗

Tc(μB)
, μB = 0

)
, (7)

with Tc(μB) = Tc

√
1 − αμ2

B, where Tc is the critical temper-
ature at vanishing chemical potential (≈0.158 GeV) and α �
0.974 GeV−2 [43]. This extension of the coupling constant
for finite μB increases the μB dependence of pole masses and
widths, especially in the vicinity of Tc.

Figure 2 displays the running coupling constant αs for
μB = 0 as a function of T/Tc, represented by the black
solid line in accordance with Eq. (6). The lattice results for
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quenched QCD are as follows: Nf = 0 (blue circles) are
taken from Ref. [46], Nf = 2 (orange inverted triangles) from
Ref. [47], and Nf = 2 + 1 (red triangles) from Ref. [48].
The fit obtained from the entropy density for the DQPM αs

shows a significant increase approaching Tc comparable to the
predictions from lQCD.

The scattering cross sections of charm quarks are evaluated
from tree-level Feynman diagrams within the DQPM frame-
work [28,49,50]. The partonic propagators entering these
diagrams are dressed and thus effectively resum medium
effects through temperature- and density-dependent quasipar-
ticle masses, Mq and Mg, and widths, γq and γg. The quark
propagator is written as

�(q) = i
	 q + Mq

q2 − M2
q + 2iγqq0

, (8)

and the gluon propagator as


μν (q) = −i
gμν − qμqν/M2

g

q2 − M2
g + 2iγgq0

. (9)

As a consequence, the resulting scattering amplitudes incor-
porate nonperturbative medium effects beyond the conven-
tional pQCD treatment with bare propagators. In particular,
the finite quasiparticle masses and widths regularize the
infrared behavior and lead to finite, divergence-free cross
sections without introducing an additional external Debye
screening mass; the dynamically generated gluon mass Mg

provides the relevant screening scale. We emphasize that the
DQPM parameters are constrained by lattice-QCD thermo-
dynamics and that the resulting transport coefficients of both
light and heavy quarks in the QGP are consistent with avail-
able lattice-QCD results [51–55].

As an example, Fig. 3 shows the charm-quark scattering
cross sections with light quarks and gluons, calculated
using pole masses, as functions of the center-of-mass
energy at T = 1.2, 1.5, and 2.0, Tc for μB = 0 as well as at
μB = 0.3 GeV [56]. Since the strong coupling increases as the
temperature approaches Tc, the corresponding scattering cross
sections become larger at lower temperatures. The figure also
shows a slight suppression of the cross sections at finite
μB, reflecting the decrease of the effective strong coupling
with increasing baryon chemical potential. We note that the
calculation of charm-quark scattering cross sections within
the DQPM has recently been extended to include radiative
2 → 3 processes [55].

Additionally, Fig. 4 shows the interaction rate of charm
quarks in the QGP as a function of temperature for different
charm-quark momenta. The interaction rate increases with
both temperature and charm-quark momentum and is typi-
cally of the order of 1−2 c/fm, implying that a charm quark
undergoes approximately one to two scatterings per fm/c
while propagating through the QGP. Other heavy-quark trans-
port coefficients, including the drag and momentum-diffusion
coefficients, have also been studied extensively within the
DQPM. In particular, the resulting spatial diffusion coefficient
is consistent with available lattice-QCD calculations [52,55].
These results demonstrate that the DQPM provides a nonper-
turbative description of heavy-quark interactions in the QGP
that is compatible with lattice-QCD constraints.
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FIG. 3. Charm quark scattering cross sections with (upper) light
quarks and (lower) gluons, assuming pole masses, as a function of
scattering energy at T = 1.2, 1.5, and 2.0, Tc for μB = 0 or 0.3 GeV.

C. Remler formalism

We start out with a discussion of the Remler formalism for
quarkonium production in the QGP. In the Remler formalism
[18–25], the expected number of quarkonia as a function of
time is given by

N (t ) = N (0) +
∫ t

0
�(t ′)dt ′, (10)

where t denotes the time when the QGP phase ends and the
rate �(t ) is expressed as

�(t ) =
∑
i, j

∑
νi( j)

1

(2π )3N

∫
d3r1d3 p1 · · · d3rN d3 pN

×W0(�ri − �r j, �pi − �p j )
{
δ
(
t − tν

i( j)

)
− δ

(
t − tν−1

i( j)

)}
W (N )(t + ε), (11)

054903-4



CHARMONIUM PRODUCTION AT ENERGIES AVAILABLE … PHYSICAL REVIEW C 114, 054903 (2026)

1.0 1.5 2.0 2.5 3.0
0.0

0.5

1.0

1.5

2.0

2.5

ch
ar
m
qu
ar
k
in
te
ra
ct
io
n
ra
te
[c
/fm
]

T/Tc

pc [GeV] = 0 2 4
�B=0 GeV
�B=0.3 GeV
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where N is the total number of heavy quarks and heavy an-
tiquarks. The indices i and j in Eq. (11) run over all heavy
quarks and heavy antiquarks, respectively. tν

i( j) denotes the
time of ν th scattering of the heavy quark i (or heavy antiquark
j) in the QGP. W0 is the Wigner function of the quarkonium
composed of heavy quark i and heavy antiquark j, whereas
W (N )(t ) is the quantal density matrix of the N heavy quarks
and heavy antiquarks. In practice, the latter is approximated
by their classical phase-space density distribution,

W (N )(t ) ≈
N∏

i=1

(2π )3Nδ(ri − r∗
i (t ))δ(pi − p∗

i (t )), (12)

which satisfies the normalization condition:

N∏
i=1

∫
d3rid3 pi

(2π )3N
W (N )(t ) = 1.

Equation (11) implies that the Wigner projection at t =
tν−1
i( j) ,

W0(�ri − �r j, �pi − �p j )W
(N )

(
tν−1
i( j)

)
, (13)

is replaced by the Wigner projection at t = tν
i( j),

W0(�ri − �r j, �pi − �p j )W
(N )

(
tν
i( j)

)
, (14)

through the νth scattering of heavy quark i (or heavy antiquark
j) [23]. The parameter ε in Eq. (11) signifies that the Wigner
density has to be applied after the momentum change of the
heavy (anti)quark due to a collision with the QGP. In terms of
the thermal interaction of quarkonium with the medium, the
first term in the curly bracket of Eq. (11) can be interpreted as
quarkonium regeneration, while the second term corresponds
to thermal dissociation.

Integrating the rate over time, the number of quarkonium
becomes

N (t ) =
∑
i, j

1

(2π )3N

∫
d3r1d3 p1 · · · d3rN d3 pN

×W0(�ri − �r j, �pi − �p j )
{
W (N )(t0)

+W (N )
(
t1
i( j)

) − W (N )(t0) + · · ·
+W (N )

(
t f
i( j)

) − W (N )
(
t f −1
i( j)

)}
=

∑
i, j

1

(2π )3N

∫
d3r1d3 p1 · · · d3rN d3 pN

×W0(�ri − �r j, �pi − �p j )W
(N )

(
t f
i( j)

)
, (15)

where t0 is the initial projection time, which will be discussed
in the next section, and t f

i( j) denotes the last scattering time
of heavy quark i (or heavy antiquark j). Thus, Eq. (15) cor-
responds to the Wigner projection of W0(�r, �p) onto W (N )(t )
for all heavy quark pair combinations at their final scattering
times, t = t f

i( j). If a charm quark does not scatter in QGP,
which is what often happens in p + p and p + A collisions,
only the initial Wigner projection is left.

This approach has been tested in both thermalized and ther-
malizing box simulations [23] and has successfully described
bottomonium production not only in p + p but also in heavy-
ion collisions at LHC energies [25]. Recently, it was shown
that, in addition to heavy-quark scattering, the heavy-quark
potential should be included to describe the heavy-quark
phase-space distribution more realistically [57].

In the present study, we apply this method to charmonium
production at relatively low collision energies, as those at SPS
and FAIR, which are relevant for studying high-μB partonic
and nuclear matter.

D. Hadronic interactions of charmonium

After the hadronization of the QGP, the produced
charmonia—formed according to the Remler formalism—
interact with mesons and baryons. The inelastic interactions
with mesons are commonly referred to as comover effects and
dominate the hadronic suppression of J/ψ in heavy collisions
where many mesons are produced. Inelastic interactions with
baryons are usually called nuclear absorption, since they con-
stitute the dominant suppression mechanism of charmonium
in p + A collisions where only few mesons are produced.
Historically, an anomalous J/ψ suppression was observed in
Pb + Pb at SPS by the NA50 Collaboration [58,59], and this
observation was suggested to be a possible signal for the onset
of a phase transition to the QGP [60,61]. However, alternative
explanations that do not invoke QGP formation were later
proposed, attributing the suppression instead to interactions
of charmonium with comoving hadrons [62–66].

To estimate the hadronic interactions of charmonium,
it is necessary to know the scattering cross sections of
charmonium with mesons and baryons. However, the cross
sections are quite uncertain and strongly depend on the
theoretical model employed [67–74]. For this reason the
cross section for the charmonium-nucleon interaction can
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be extracted from experimental data in p + A collisions, for
simplicity assuming a constant cross section, regardless of
scattering energy. In principle, the cross section should depend
on the scattering energy but data do not allow yet to determine
J/ψ + N energy dependence.

Once the nuclear absorption cross section has been deter-
mined from p + A collisions, one can investigate the comover
interaction cross sections. The cross sections for the comover
dissociation of charmonium and for its regeneration from
two open-charm mesons are not well known, although they
have been discussed in many studies [67,70,73–81]. Follow-
ing Refs. [33,82], we introduce a simple two-body transition
amplitude |M0|2 as a single parameter, which also allows the
implementation of the backward reactions through detailed
balance for each individual channel of comover reaction.

Since charmonium-meson dissociation and the correspond-
ing backward reactions typically occur with small relative
momenta (i.e., among comovers), the cross section for a 2-to-2
process can be written as

σ1+2→3+4(s) = 24 E1E2E3E4

s
|M̃i|2

(
m3 + m4√

s

)6 pout

pin
, (16)

where Ek and mk denote the energy and mass of the incoming
(k = 1, 2) and outgoing (k = 3, 4) hadron, respectively, and

p2
in = {s − (m1 + m2)2}{s − (m1 − m2)2}/(4s),

p2
out = {s − (m3 + m4)2}{s − (m3 − m4)2}/(4s), (17)

which represent the initial and final three-momenta
for the invariant energy

√
s. The quantity |M̃i|2 (i =

J/ψ, χ0
c , χ1

c , χ2
c , ψ ′) denotes the effective squared matrix

element averaged over the initial particle spins and summed
over the final particle spins.

For example, using the effective Lagrangian approach for
light and heavy mesons [68,69,83], in PHSD we consider the
following reactions:

|M̃i|2 = |Mi|2 for ρ(ω) + (cc̄)i → D + D̄, (18)

|M̃i|2 = 3|Mi|2 for ρ(ω) + (cc̄)i → D∗ + D̄∗,

π + (cc̄)i → D∗ + D̄, D + D̄∗. (19)

Note that the final state D∗ + D̄∗ is multiplied by a factor
3 rather than 9. Including anomalous parity interactions, ad-
ditional scattering channels such as J/ψ + ρ → D + D̄∗ are
also possible [73,74], although they are not considered in the
present study.

Furthermore, a suppression factor of 1/3 is introduced for
all channels involving s, s̄ quarks. Consequently,

|M̃i|2 = 1

3
|Mi|2 for channels such as

K∗ + (cc̄)i → Ds + D̄,

K̄∗ + (cc̄)i → D + D̄s,

|M̃i|2 = |Mi|2 for K + (cc̄)i → Ds + D̄∗(D∗
s + D̄),

K̄ + (cc̄)i → D∗ + D̄s(D + D̄∗
s ),

K∗ + (cc̄)i → D∗
s + D̄∗, K̄∗ + (cc̄)i → D∗ + D̄∗

s .

(20)

The factor ((m3 + m4)/
√

s)6 in Eq. (16) accounts for the
suppression of binary channels with increasing

√
s and has

been fitted to experimental data for the reactions π + N →
ρ + N, ω + N, φ + N, K+ + � in Ref. [84].

For simplicity, we use the same matrix elements
for the dissociation of all charmonium states i (i =
J/ψ, χ0

c , χ1
c , χ2

c , ψ ′) with mesons,

|MJ/� |2 = |Mχc |2 = |M� ′ |2 = |M0|2, (21)

where the parameter |M0|2 is determined by fitting experimen-
tal data from the NA50 and NA60 Collaborations [85,86].
We note that, despite using the same scattering amplitudes
for J/ψ and the excited charmonia, the dissociation cross
sections and rates of the excited states are larger than those
of J/ψ due to the phase-space integration, as will be shown in
Fig. 6.

In the present study, we adopt |M0|2 = 0.11 mb/GeV2,
which yields a maximum cross section of about 10 mb, as
shown in Fig. 5, except for divergent peaks near the threshold
energy when the sum of the initial particle masses exceeds
that of the final particles. The impact of the value of |M0|2 on
charmonium observables will be discussed in the next section.

An important advantage of this approach is that the back-
ward reactions, i.e., the formation of charmonia through D +
D̄ reactions, can be obtained without introducing any addi-
tional parameters but instead through detailed balance for
each individual channel,

σ3+4→1+2(s) = σ1+2→3+4(s)
(2S1 + 1)(2S2 + 1)

(2S3 + 1)(2S4 + 1)

p2
in

p2
out

, (22)

where S j denotes the spin of particle j and p2
in and p2

out are
given in Eq. (17). The uncertainty of these cross sections is
comparable to that in effective Lagrangian approaches, since
the form factors at the interaction vertices are poorly known
[71]. In PHSD, the comover dissociation channels for charmo-
nia are implemented with their proper individual thresholds
for each channel, in contrast to schematic comover absorption
models [64,65,87].

Figure 5 shows the cross sections for J/ψ dissociation by
light mesons and for the inverse regeneration reactions from
DD̄ mesons. The dissociation cross sections for J/ψ + π0

and J/ψ + ρ0 are approximately twice as large as those for
the corresponding charged mesons, J/ψ + π± and J/ψ + ρ±,
because the neutral channels allow for more possible final
states. For example, J/ψ + ρ0 can produce both D+D− and
D0D̄0, whereas J/ψ + ρ+ can produce only D+D̄0. The cross
section for J/ψ + ρ0 is also close to that for J/ψ + ω, reflect-
ing the similar pole masses of the ρ and ω mesons. We further
note that the reactions J/ψ + ρ(ω) and J/ψ + K∗ receive
contributions from two different classes of final states, D + D̄
and D∗ + D̄∗. The former corresponds to an exothermic pro-
cess, whereas the latter is endothermic. The corresponding
J/ψ regeneration cross sections are shown in the lower panel
of Fig. 5 for various combinations of D and D̄ mesons. All
regeneration cross sections are obtained from the correspond-
ing dissociation reactions using the detailed-balance relation
given in Eq. (22).
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FIG. 5. Cross sections for J/ψ dissociation by light mesons
(π, ρ, ω, K, K∗) and regeneration from DD̄ mesons as functions
of the center-of-mass energy.

Figure 6 shows the dissociation rates of static charmo-
nia (p = 0) in a thermalized hadron gas as a function of
temperature:

�i =
∑

j

∫
d3 p

(2π )3
f j (p)vi jσi j (

√
s), (23)

where f j (p), vi j , and σi j (
√

s) denote the light meson dis-
tribution function, relative velocity, and dissociation cross
section, respectively, with i, j labeling the charmonium state
and light meson, respectively. One can see that, although the
same scattering amplitude is used for all charmonium states in
Eq. (21), their interaction rates differ significantly due to kine-
matic effects. For example, the dissociation of J/ψ requires
a collision with a sufficiently energetic hadron to produce
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FIG. 6. The dissociation rates of static charmonia in thermalized
hadron gas as a function of temperature.

two open-charm mesons, whereas ψ ′ can be dissociated much
more easily.

III. RESULTS

Now we describe in more detail how charmonium is pro-
duced in p + p, p + A, and heavy-ion collisions and present
the results for each case.

A. Charmonium production in p + p collisions

From Eqs. (10) and (11), the initial Wigner projection is
given by

N (t0) =
∑
i, j

1

(2π )3N

∫
d3r1d3 p1 · · · d3rN d3 pN

×W0(�ri − �r j, �pi − �p j )W
(N )(t0), (24)

where t0 is the initial Wigner projection time of quarkonium.
For example, t0 may correspond to the time when the quarko-
nium begins to exist below its dissociation temperature Td .
Since the temperature decreases with time, one may consider
the situation where the temperature at t = tν−1

i( j) is above Td ,
while the temperature at t = tν

i( j) is below Td . In this case, the
loss term vanishes and only the gain term survives in Eq. (15):

N (t ) =
∑
i, j

1

(2π )3N

∫
d3r1d3 p1 · · · d3rN d3 pN

×W0(�ri − �r j, �pi − �p j )
{
W (N )(t0)

+W (N )
(
t1
i( j)

) − W (N )(t0) + · · ·
+W (N )

(
tν
i( j)

) − W (N )
(
tν−1
i( j)

)
+W (N )(tν+1

i( j)

) − W (N )(tν
i( j)

) + · · ·
+W (N )

(
t f
i( j)

) − W (N )
(
t f −1
i( j)

)}
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=
∑
i, j

1

(2π )3N

∫
d3r1d3 p1 · · · d3rN d3 pN

×W0(�ri − �r j, �pi − �p j )
{
W (N )

(
tν
i( j)

)
+W (N )

(
tν+1
i( j)

) − W (N )
(
tν
i( j)

) + · · ·
+W (N )(t f

i( j)

) − W (N )(t f −1
i( j)

)}
. (25)

The terms W (N )(t0) + · · · − W (N )(tν−1
i( j) ) are removed because

the temperature before t = tν−1
i( j) is higher than the dissociation

temperature of quarkonium. Therefore neither a bound-state
wave function nor its Wigner function exists.

Each line in Eq. (25) represents the effect of a scattering. If
no scattering occurs at all, then Eq. (25) becomes equivalent to
Eq. (24). Even if a QGP is formed, it is concentrated in a small
volume and exists for a short time only. Therefore Eq. (24)
provides a suitable expression for charmonium production in
p + p collisions.

Since typically only one charm-anticharm pair is produced
in p + p collisions, the expression can be further simplified to

N (t0) = 1

(2π )6

∫
d3rcd3 pcd3rc̄d3 pc̄W0(�r, �p)W (2)(t0), (26)

where �r = �rc − �rc̄ and �p = ( �pc − �pc̄)/2.
Using the wave function of a three-dimensional harmonic

oscillator instead of real wave function [57,88], the Wigner
densities of a S− state and a P− state are given by

W S
0 (r, p) = 8

D

d1d2
exp

[
− r2

σ 2
− σ 2 p2

]
, (27)

W P
0 (r, p) = 16

3

D

d1d2

(
r2

σ 2
− 3

2
+ σ 2 p2

)
exp

[
− r2

σ 2
− σ 2 p2

]
.

(28)

The only parameter σ is related to the quarkonium rms
through σ 2 = 2/3〈r2〉 for an S− state and σ 2 = 2/5〈r2〉 for
a P− state, where

√
〈r2〉 denotes the rms distance. The factors

D, d1, and d2 represent the color-spin degeneracies of charmo-
nium, the charm quark, and the charm antiquark, respectively.
The Wigner function for a P− state can locally become nega-
tive; following our previous study [21], we set such values to
zero. The Wigner function for a 2S state is more complicated
[89–91], but for simplicity we use the form of Eq. (27).

For the momenta of the charm and anticharm quarks we
employ the PYTHIA event generator [34,37] (see Sec. IIA).
However, PYTHIA does not provide information on the spa-
tial separation of the charm-anticharm pair. Therefore we
assume that their separation follows a Gaussian distribution
with the mean-square radius inversely proportional to the
charm quark mass,

W (2)(r, p) ∼ r2 exp

(
− r2

2δ2

)
, (29)

where δ2 = 〈r2〉/3 = 4/(3m2
c ) such that

√
〈r2〉/2 = 1/mc.

Figure 7 shows the differential cross section for charmo-
nium production, multiplied by the branching ratio to dimuon
decay, as a function of rapidity and transverse momentum in

p + p collisions from SPS to LHC energies, assuming radii
(
√

〈r2〉/2) of J/ψ , χc, and ψ ′ of 0.4, 0.42, and 0.75 fm, re-
spectively [21,91]. These values are somewhat larger than the
radii obtaind from the Schrödinger equation solved with the
heavy-quark potential in vacuum, which is typically modeled
by the string potential [94]. However, if additional particles
are produced in p + p collisions besides the charm pair, then
the environment for charmonium formation may differ from
that in vacuum.

In Fig. 7, direct J/ψ refers to the initial production of
J/ψ , whereas prompt J/ψ includes feed-down contributions
from excited states such as χc and ψ ′. The inclusive J/ψ
yield additionally contains nonprompt J/ψ originating from
the weak decay of beauty hadrons. Since no experimental
data are available in p + p collisions at SPS energies, we
compare the PHSD results with p + Be collision data at Ekin

= 400 GeV from the NA50 Collaboration [86], divided by
the mass number of beryllium. We note that the PHSD re-
sults are divided by two to imitate the experimental condition
−0.5 < cos θCS < 0.5, where θCS is the polar angle in the
Collins-Soper frame (the rest frame of the lepton pair). We
simply assume that this condition reduces the measured cross
section by approximately a factor of two. It is interesting
to observe that the simple approach of Eq. (26) reproduces
charmonium production in p + p collisions over a wide range
of collision energies.

B. Charmonium production in p + A collisions

The Remler formalism for charmonium production is ap-
plied only in the partonic phase. Once the partons hadronize
around Tc, the charmonia produced through the Remler for-
malism undergo hadronic interactions, which can, as shown
in Sec. II D, be categorized into nuclear absorption and co-
mover effects. Nuclear absorption corresponds to the inelastic
scattering of charmonium off nucleon (or baryon) and repre-
sents the dominant suppression mechanism for charmonium
in p + A collisions. In principle, the cross section for nu-
clear absorption depends on the scattering energy [73,74].
For simplicity, however, it is taken to be constant for each
p + A collision energy and is extracted from experimental
data [86,95].

Figure 8 schematically illustrates how charmonium pro-
duction in p + A collisions is simulated within PHSD. In the
first step, the target nucleus is constructed according to the
Glauber model using a Monte Carlo method. The circular
area with radius R is then uniformly bombarded with a proton
beam. The cross section for J/ψ production is given by

σ
pA

J/ψ = πR2 NJ/ψ

Np
, (30)

where Np is the number of incident proton projectiles and
NJ/ψ is the number of produced J/ψ mesons. We note that the
cross section does not depend on R, because increasing R also
increases the number of proton projectiles that miss the target
nucleus and therefore do not contribute to J/ψ production.
In other words, there is a compensation between πR2 and
NJ/ψ/Np.
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FIG. 7. Differential cross sections for charmonium production, multiplied by the branching ratio to dimuon decay, as a function of rapidity
and transverse momentum in p + p collisions at

√
sNN = 5.02 TeV, 200 GeV, and 27 GeV (Ekin = 400 GeV), respectively. The experimental

data are taken from the ALICE [92], PHENIX [93], and NA50 [86] Collaborations.

Figure 9 shows the distribution of the charm production
times and of the charm hadronization times both from PHSD
calculations for p + Pb collisions at Ekin = 400 GeV. The
production times are estimated from the Glauber model and

hadronization happens at the local energy density between
0.65 and 0.4 GeV/fm3 [37]. As explained in the previous
section for p + p collisions, the initial Wigner projection
is carried out at the red line when a charm quark pair is
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FIG. 8. A schematic illustration of the simulation setup for p + A
collisions.

produced. If either the charm or anticharm quark scatters in
the QGP during the evolution from the red line to the blue
line, then the Wigner projection is updated. However, the time
difference between the red and blue lines, which corresponds
to the lifetime of the QGP in p + A collisions at SPS energies,
is very short (on average about 0.15–0.17 fm/c).

Furthermore, partons in PHSD have a formation time given
by E/m2

T , where mT is the transverse mass, and they do not in-
teract before this time. As a result, the produced charm quarks
hardly interact before reaching Tc in p + A collisions at SPS
energies, and the initial Wigner projection remains essentially
unchanged until Tc. The produced charmonia subsequently
have nuclear absorption and comover interactions.
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FIG. 9. Distributions of the charm production time and charm
hadronization time at Tc in p + Pb collisions at Ekin = 400 GeV.
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FIG. 10. Production cross sections of J/ψ and ψ ′, multiplied
by the branching ratio to dimuons and divided by the target mass
number, in p + Be and p + Pb collisions at Ekin = 400 GeV from the
NA50 Collaboration [86], compared with PHSD results.

Figure 10 presents the PHSD results for the production
cross sections of J/ψ and ψ ′, multiplied by the branching
ratio to dimuons and divided by the target mass number,
in p + Be and p + Pb collisions at Ekin = 400 A GeV. The
results are compared with experimental data from the NA50
Collaboration [86]. The dimuon branching ratios Bμμ are
taken to be 6% for J/ψ and 0.8% for ψ ′ according to the
Particle Data Group [96]. The angle θCS denotes the polar
angle in the Collins-Soper frame, which corresponds to the
rest frame of the lepton pair. Since the mass number of Be
target is 9, nuclear absorption has little impact on charmonium
production, whereas much stronger effects are expected for
a Pb target. Indeed, the NA50 data show smaller production
cross sections of J/ψ and ψ ′ per nucleon in p + Pb collisions
compared with p + Be collisions. The figure demonstrates
that the PHSD results are consistent with the NA50 data in
p + Be collisions, as already indicated in Fig. 7. Furthermore,
nuclear absorption cross sections of 7 mb for direct J/ψ and
14 mb for direct ψ ′ reproduce the measured charmonium
production cross sections in p + Pb collisions [86]. Since no
experimental data are available for the nuclear absorption of
χc, we assume that its absorption cross section is the same
as that of J/ψ . We also note that charmonium absorption
by mesonic comovers is included in the PHSD calculations,
but its effect is rather small due to the relatively low meson
density in p + A reactions.

Figure 11 shows the nuclear modification factors RpA

of J/ψ and ψ ′ in p + Be and p + Pb collisions. Positive
rapidity corresponds to the direction of the proton projec-
tile, while negative corresponds to the target nucleus. The
dashed lines represent RpA without hadronic reactions such
as nuclear absorption (charmonium-nucleon interactions) or
charmonium-meson interactions. In other words, the dashed
lines correspond to the results obtained purely from the Rem-
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FIG. 11. Nuclear modification factor RpA of (blue) J/ψ and (red)
ψ ′ in p + Be and p + Pb collisions at Ekin = 400 GeV, calculated
(dashed lines) without and (solid lines) with nuclear reactions after
production.

ler formalism at Tc. Since the number of nucleons is much
larger than the number of produced mesons in p + A collisions
at SPS energies, the dominant suppression of charmonium
originates from nuclear absorption. One can see that RpA with-
out nuclear reactions in p + Be collisions is close to unity,
while in p + Pb collisions it is slightly above unity due to
antishadowing effects, which enhance charmonium produc-
tion at SPS energies [63,97,98]. However, nuclear reactions
significantly suppress charmonium production, especially in
p + Pb collisions. Because the target nucleus moves in the
negative direction in the center-of-mass frame, a stronger sup-
pression is observed in the negative rapidity region. Even in
p + Be collisions a slight suppression is visible due to nuclear
reactions.
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FIG. 12. Ratio of J/ψ production cross sections in p + A colli-
sions to those in p + Be collisions as a function of path length at
Ekin = 400 and 158 GeV. Experimental data from the NA50 and
NA60 Collaborations [95] are compared with PHSD results, which
are calculated only for p + Be and p + Pb collisions.

The nuclear absorption cross section should in princi-
ple depend on collision energy [73,74], as a scattering
cross section of J/ψ + N changes with scattering energy
[68,69,72,80]. By simply assuming that the target nucleus
moves opposite to the beam direction in the center-of-mass
frame, one can estimate the scattering energy of the produced
charmonium and nucleon in p + A collisions [98]. Since the
scattering energy depends on charmonium rapidity and trans-
verse momentum, the RpA in Fig. 11 will be modified if a more
realistic absorption cross section is adopted.

Figure 12 shows the ratio of the J/ψ production cross
section per nucleon in p + A collisions at Ekin = 400 and
158 GeV to that in p + Be collisions, plotted as a function
of the average path length of nuclear matter traversed by the
produced J/ψ in p + A collisions. In our calculations, the
ratio is evaluated only for p + Pb collisions (L ≈ 4.3), and
straight lines are drawn to qualitatively compare the results
with experimental data from the NA50 and NA60 Collabora-
tions [95]. We find that an absorption cross section of 7 mb
for J/ψ is required at Ekin = 400 GeV, while a value of 10 mb
is needed at Ekin = 158 GeV. This indicates that a larger ab-
sorption cross section is required at lower collision energies in
order to reproduce the experimental data. For ψ ′, we assume
that the absorption cross section at Ekin = 158 GeV is 20 mb,
twice that of the J/ψ , based on the results shown in Fig. 10.

Since charmonium production in p + A collisions is suc-
cessfully described within PHSD using the Remler formalism
and the absorption cross sections have been extracted from
experimental data, we are now ready to extend the study to
heavy-ion collisions.

C. Charmonium production in heavy-ion collisions

The potential between the heavy quark and heavy antiquark
may depend on the temperature. Therefore the wave function
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of the relative motion as well as its Wigner density may vary
with temperature. However, the heavy quark potential in the
QGP has not yet been fully established. Since the temperature
of the QGP at SPS energies is relatively moderate, we assume
that the potential does not differ significantly from that in
p + p collisions. Furthermore, recent studies of the heavy
quark potential suggest that the real part of the potential is
rather insensitive to the temperature [14]. Therefore, as a first
approximation, we use the same radii of charmonia as in p + p
and p + A collisions.

In heavy-ion collisions, the initial Wigner projection is car-
ried out according to Eq. (26) as in p + p and p + A collisions.
Subsequently, the Wigner projection is updated whenever a
charm or anticharm quark undergoes a scattering in the QGP.
Within PHSD, (anti)charm quarks scatter in the QGP with
partons described by the DQPM. This approach reproduces
the spatial diffusion coefficient from lattice QCD calculations
[51,52,55,99].

However, if a charm-anticharm pair forms a bound state,
then its scattering cross section should be smaller than twice
the charm-quark scattering cross section, because the pair is
in a color-singlet (color-transparent) configuration. Indeed,
it has been shown that if the bottomonium cross section is
about 10% of twice bottom-quark cross section, the nuclear
modification factor RAA of bottomonium in Pb + Pb collisions
at LHC energies can be reproduced [25]. In the present study
we adopt the same approach for charmonium. Since charmo-
nium is less tightly bound than bottomonium, the ratio of the
charmonium interaction rate to that of two open-charm quarks
in the QGP is expected to be larger than that for bottomonium.
In the PHSD simulations, whether the Wigner projection is
updated after a scattering of a (anti)charm quark is deter-
mined by a parameter defined as the ratio of the charmonium
scattering cross section to twice charm-quark scattering cross
section in the QGP.

The Remler formalism is limited to the QGP phase. In
Fig. 13 we show the fraction of QGP energy relative to the
total energy at midrapidity as a function of time for p + A
and heavy-ion collisions at Ekin = 158 GeV. One can see that
the QGP fraction in p + A collisions remains below 10% and
rapidly disappears with time. In practice, the QGP in p + A
collisions corresponds to a small droplet of partons. The max-
imum QGP fraction in p + Pb collisions is slightly smaller
but decreases slower than in p + Be collisions. Because the
lifetime of this small QGP system in p + A collisions is ex-
tremely short, there is almost no opportunity for the Wigner
projection to be updated through (anti)charm scattering. In
contrast, the QGP volume and lifetime in heavy-ion collisions
are significantly larger. The maximum QGP fraction reaches
about 55%, and the QGP phase persists for approximately
4.2 and 5.3 fm/c in central In + In and Pb + Pb collisions,
respectively, until the QGP energy fraction decreases to 10%.

Figure 14 shows the ratio of dimuons from J/ψ decay to
dimuons from the Drell-Yan process with an invariant mass
between 2.9 and 4.5 GeV as a function of the number of
participant nucleons in Pb + Pb and In + In collisions at E/A
= 158 GeV. In p + p collisions (Npart = 2), this ratio is mea-
sured to be 35.7 ± 3.0 [101]. V0 in Fig. 14 denotes that in
heavy-ion collisions the same radii of charmonia as in p + p
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FIG. 13. Fraction of QGP (parton) energy relative to the total
(parton and hadron) energy at midrapidity as a function of time
in minimum-bias p + Be, p + Pb and 0–10% central In + In and
Pb + Pb collisions at Ekin = 158 AGeV.

and p + A collisions are used for Wigner projection which
does not depend on temperature.

The red bands represent J/ψ production at Tc, excluding
hadonic interactions. The upper limit of the bands corresponds
to the case where charmonium interactions in the QGP are ne-
glected, whereas the lower limit assumes that the charmonium
interaction rate equals twice the charm-quark interaction rate
in the QGP. In other words, the upper limit originates solely
from the initial Wigner projection, as in p + p collisions. Due
to antishadowing effects, the resulting RAA is slightly above
the ratio observed in p + p collisions. The error bands also
account for the uncertainty in the ratio of dimuons from J/ψ
to those from the Drell-Yan process in p + p collisions. The
upper limit of the colored bands assumes a ratio of 38.7(=
35.7 + 3.0), while the lower limit assumes a ratio of 32.7
(=35.7–3.0). One can see that the upper and lower limits of
the red bands coincide with the upper and lower error bars
of the p + p data at small Npart in Fig. 14. As discussed in
Ref. [25], charm quark scattering in the QGP tends to re-
duce J/ψ production because the charm and anticharm quarks
become increasingly separated in space over time, which re-
duces the Wigner projection probability.

The blue bands show the results including hadronic interac-
tions after Tc, which include the nuclear absorption, comover
interactions (e.g., J/ψ + meson → D + D̄) and their reverse
reactions (e.g., D + D̄ → J/ψ + meson) as discussed in
Sec. II D. One can see that the effect of hadronic interactions
on J/ψ suppression is relatively weak compared with that in
p + A collisions, partly because the presence of a partonic
phase delays the onset of hadronic interactions. However, the
suppression resulting from both partonic and hadronic inter-
actions is still insufficient to reproduce the experimental data
reported by the NA50 and NA60 Collaborations.

We therefore introduce thermal effects on the heavy-quark
potential. The red dotted line in Fig. 15 represents the J/ψ
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FIG. 14. Ratio of dimuons from J/ψ to those from the Drell-Yan
process in the invariant mass range 2.9–4.5 GeV as a function of the
number of participant nucleons in (upper) Pb + Pb and (lower) In +
In collisions at E/A = 158 GeV. Experimental data from the NA50
and NA60 Collaborations [100,101] are compared with PHSD results
with (blue bands) and without (red bands) hadronic interactions for
the temperature-independent heavy-quark potential.

radius obtained by solving the Schrödinger equation with the
free-energy heavy-quark potential [15–17] as a function of
temperature. In this approach, the J/ψ survives up to approx-
imately 1.2 Tc in the QGP. However, near the dissociation
temperature, the J/ψ radius becomes extremely large, im-
plying that the Wigner projection at this moment is strongly
suppressed, because a change of

√
〈r2〉 implies a change

of σ and hence a modification of the exp[−σ 2 p2] term in
Eqs. (27) and (28). Therefore, we wait until the Wigner pro-
jection reaches its maximum value as temperature decreases
and the charmonium radius correspondingly shrinks. This
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FIG. 15. Radius of J/ψ as a function of temperature from the
free energy of a heavy-quark pair in the QGP (blue solid line)
[15–17] and its modification near Tc (red dotted line).

prescription was also adopted in our previous study of bot-
tomonum formation in Pb + Pb collisions at LHC energies
[25]. We note that the actual formation temperature of J/ψ ,
at which the initial Wigner projection is maximized at SPS
energies, is around 1.15 Tc.

In addition, the J/ψ radius obtaind from the free energy
potential below 1.04 Tc becomes smaller than 0.4 fm, which
is the J/ψ radius in p + p collision, as shown in Fig. 15.
We therefore slightly modify the radius so that it saturates
at 0.4 fm as the temperature approaches Tc. This adjustment
helps the RAA of J/ψ in heavy-ion collisions converges to
1.0 at small numbers of participants, assuming the absence
of hadronic interactions. For the excited states χc and ψ ′,
the dissociation temperatures obtained from the free-energy
heavy quark potential are slightly below Tc. Nevertheless,
for the same reason discussed above, we assume that they
dissolve at Tc and adopt radii of 0.42 and 0.75 fm, respectively,
as in p + p collisions.

The results obtained with the temperature-dependent
heavy-quark potential are presented in Fig. 16. The PHSD
calculations reproduce the measured J/ψ production in both
Pb + Pb and In + In collisions at E/A = 158 GeV. The main
reason for the additional suppression relative to Fig. 14 is that
the initial projection occurs later, when the spatial separation
between the charm and antiquark quarks is larger. Because
the Wigner projection is updated only within the narrow tem-
perature interval between 1.2 Tc (effectively 1.15 Tc) and 1.0
Tc, charm-quark scattering in the QGP has little effect on the
final J/ψ yield. This contrasts with the wide bands in Fig. 14,
where the Wigner projection is updated continously from the
beginning of the evolution down to 1.0 Tc.

Although the bands in Fig. 16 are narrow, the experi-
mental data, especially those from the NA50 Collaboration,
appears to favor a large scattering cross section of J/ψ in the
QGP when comparing the upper limit [σ (J/ψ ) ≈ 0] and the
lower limit [σ (J/ψ ) ≈ 2σ (c)] of the blue band, where σ (c)
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FIG. 16. Same as Fig. 14 but for the temperature-dependent
heavy-quark potential derived from the free energy of a heavy quark
pair in the QGP.

denotes the charm scattering cross section either with light
(anti)quark or gluon. Using the lattice-QCD free energy as
the heavy-quark potential corresponds to a relatively weak-
binding scenario, which is also supported by QCD sum-rule
studies [102]. In the quasifree limit, the c and c̄ can be ap-
proximately resolved independently, motivating σJ/ψ � 2σc.
We therefore regard this value as an upper-limit estimate for
the J/ψ dissociation cross section.

The blue band in Fig. 16 shows the PHSD results including
hadronic interactions of hidden-charm mesons with comoving
hadrons. These interactions include charmonium absorption
by baryons, with a cross section of 10 mb at a beam energy of
158 AGeV, as well as charmonium interactions with mesons,
as described in Sec. II D.
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FIG. 17. Rapidity distributions of (upper) J/ψ and (lower) ψ ′ in
0–60% central Pb + Pb collisions at E/A = 158 GeV without and
with nuclear reactions after production.

We emphasize that hadronic interactions are particularly
important at SPS energies because of the large hadronic
corona surrounding the QGP fireball, cf. Fig. 13. As shown in
Fig. 16, the inclusion of these interactions leads to additional
charmonium suppression and is essential for reproducing the
experimental data from the NA50 and NA60 Collaborations
[100,101].

For a better understanding of the results shown in Fig. 16,
we present in Fig. 17 the channel decomposition of the rapid-
ity distributions of J/ψ and ψ ′ for 0–60% central Pb + Pb
collisions at E/A = 158 GeV. The red lines correspond to
charmonia without final-state hadronic interactions, i.e., to
their production at Tc solely within the Remler formalism,
whereas the blue lines include subsequent interactions with
hadrons.

A comparison of the PHSD calculations with and with-
out hadronic interactions demonstrates that these interactions
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affect the different charmonium states in very different ways.
The directly produced J/ψ component is only moderately
modified during the hadronic stage, whereas the ψ ′ yield is
strongly reduced. This difference can be traced back to two
main mechanisms. First, the ψ ′ has a larger nuclear absorption
cross section than the J/ψ . Moreover, J/ψ dissociation in
baryon-induced reactions requires the scattering energy to
exceed the thresholds for the �c + N or 2D + N channels.
By contrast, owing to its larger mass and smaller binding
energy, the ψ ′ can be dissociated much more easily in colli-
sions with nucleons. Second, regeneration from open-charm
mesons is far more efficient for the J/ψ than for the ψ ′:
The reaction D + D̄ → J/ψ + meson is exothermic, while
D + D̄ → ψ ′ + meson is endothermic.

The black line in the upper panel denotes the final J/ψ
rapidity distribution including feed-down contributions from
χ0

c , χ1
c , χ2

c , and ψ ′ decays. Consequently, the additional J/ψ
suppression due to hadronic interactions observed in Fig. 16
originates predominantly from the suppression of the excited
charmonium states, χ0

c , χ1
c , χ2

c , and ψ ′, rather than from di-
rect J/ψ absorption. In the calculations we employ an elastic
scattering cross section of 5 mb for charmonium interactions
with light mesons. This elastic rescattering causes a modest
broadening of the J/ψ rapidity distribution toward forward
and backward rapidities.

Figure 18 shows the time evolution of nuclear absorption of
J/ψ and ψ ′, of their dissociation by light mesons, and of their
regeneration from D and D̄ mesons in 0–60% central Pb + Pb
collisions at E/A = 158 GeV. One can see that both J/ψ and
ψ ′ are suppressed predominantly by nuclear absorption and,
to less extent, by interactions with light mesons. In contrast,
regeneration from D and D̄ mesons is important for J/ψ ,
whereas the regeneration of ψ ′ is negligible. The reason is that
the former cross section diverges at low scattering energies,
whereas the latter vanishes.

Comparing the nuclear absorption of J/ψ and ψ ′, the ab-
sorption of ψ ′ exhibits a longer tail in time. This behavior is
a consequence of its larger absorption cross section. A larger
cross section implies a larger interaction range, meaning that
interactions persist longer in an expanding system such as
the hadronic matter produced in heavy-ion collisions. For the
same reason, one can observe a long tail in the regeneration of
J/ψ from DD̄ mesons. We note that most J/ψ regeneration
occurs near the threshold energy, where the cross sections di-
verge, as shown in Fig. 5.

The lattice results for the temperature dependence of the
potential between a heavy quark and a heavy antiquark are
inconclusive. Some lattice calculations predict an increase, as
shown in Fig. 14, whereas others yield an almost temperature-
independent potential.

Therefore we employ another approach, which of-
fers an alternative explanation of the data presented in
Fig. 19. According to the operator product expansion method
[103,104] or pQCD calculations [73,74], the cross sec-
tions for charmonium dissociation in a QGP can exceed
the simple summation of the charm cross section and
that of the anticharm quark. The reason is that an ex-
ternal gluon, which destroys a charmonium, can also
interact with the gluon exchanged between charm and
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FIG. 18. Time evolution of (blue solid) nuclear absorption, (red
solid) meson-induced dissociation, and (red dashed) regeneration for
(upper) J/ψ and (lower) ψ ′ in 0–60% central Pb + Pb collisions at
E/A = 158 GeV.

anticharm quarks besides with charm and anticharm quarks
themselves [105]. The large spectral width of charmonium in
QGP is also supported by recent lattice calculations [14].

The consequences of increasing scattering cross sec-
tions for (anti)charm quarks interacting with (anti)quarks or
gluons in the QGP are shown in Fig. 19 for Pb + Pb collisions
at a kinetic energy of 158 AGeV. We note that the blue band
corresponding to σ (cc̄) = 2σ (c) is equivalent to the lower
limit of the blue band in Fig. 14. On the other hand, σ (cc̄) =
4σ (c) and σ (cc̄) = 6σ (c) imply that the charm and anticharm
quarks forming a charmonium state scatter respectively two
and three times more frequently. As one can see, charmonium
production decreases with increasing charm-parton scattering
cross section. However, we need a quite large cross section to
reproduce the experimental data from NA50 Collaboration.
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Finally, we examine the sensitivity of J/ψ production in
heavy-on collisions to the scattering amplitude squared of
charmonia with light mesons, |M0|2, which is tentatively cho-
sen such that the maximum cross section is around 10 mb.
Figure 20 shows the ratio of dimuons from J/ψ to those from
the Drell-Yan process in Pb + Pb collisions at E/A = 158 GeV
for three different scenarios. Since the lower limit of the blue
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FIG. 20. Dependence of dilepton production from J/ψ decay on
the scattering cross sections for charmonium interactions with light
mesons in Pb + Pb collisions at E/A = 158 GeV. The solid line
represents the results obtained using the default cross sections, the
dashed line shows the results without charmonium and light meson
interactions, and the dotted line corresponds to results with scattering
cross sections doubled relative to the default.
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FIG. 21. RAA of J/ψ as a function of participant number in Pb +
Pb collisions at E/A = 50 GeV with and without hadronic scattering.
The nuclear absorption cross section is taken to be 10 or 20 mb.

band is close to the experimental data in Fig. 16, we choose
σ (cc̄) = 2σ (c) and assume that the ratio of dimuons from
J/ψ to those from the Drell-Yan process in p + p collisions
is 35.7, ignoring the error bar. The dashed line represents the
result without charmonium-meson interactions, the dotted line
corresponds to the case where the cross sections are doubled,
and the solid line shows the results obtained with the standard
cross sections corresponding to |M0|2 = 0.11 mb/GeV2.

The results are only weakly sensitive to the precise values
of these cross sections. This can be understood from Fig. 17,
where the contribution of the J/ψ + meson production and
annihilation channels to the total J/ψ yield amounts to only
about 4% at midrapidity. Consequently, moderate variations
of the corresponding cross sections have only a limited impact
on the final J/ψ yield.

D. Charmonium production at GSI/FAIR

Motivated by the successful description of charmonium
production at SPS energies, discussed in the previous sub-
section, we now extend the analysis to lower beam energies.
This energy regime is of particular interest because it probes
strongly interacting matter at higher baryon chemical poten-
tial, μB, and will be explored experimentally at the upcoming
FAIR.

Before turning to FAIR energies, we first examine J/ψ pro-
duction in Pb + Pb collisions at 50 A GeV, which is planned to
be measured by the NA60+ Collaboration [106]. This system
provides an important link between the earlier SPS measure-
ments and the future FAIR program. Since no corresponding
p + A data are available at the same beam energy, the nuclear
absorption cross section cannot be fixed independently. We
therefore consider two representative values, σ

J/ψ
abs = 10 and

20 mb (σψ ′
abs = 20 and 40 mb) [98], and show the resulting

calculations in Fig. 21.
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FIG. 22. Differential cross sections for the production of (upper)
J/ψ and (lower) ψ ′ as functions of rapidity and transverse momen-
tum in p + Au collisions at E/A = 29 GeV, assuming absorption
cross sections of 10 mb for J/ψ and χc, and 20 mb for ψ ′.

The free energy from lattice QCD used in this study is
calculated at μB = 0. However, the heavy-quark potential is
expected to be modified in baryon-rich matter (μB 	= 0). There
are a few lattice QCD studies that extract the free energy at
finite μB up to μB/T ≈ 1 [107,108], as well as a phenomeno-
logical study for heavy-ion collisions [7]. However, μB/T at
SPS energies is around 1.5–2.0 [28,109] and is expected to be
larger at FAIR energies, indicating that the currently available
lattice QCD results are not yet sufficient to quantitatively
describe the relevant baryon-rich regime. Nevertheless, these
studies show that the Debye screening mass increases with
increasing μB at fixed temperature, which is consistent with
pQCD predictions. If the free energy at finite μB is used as
the heavy-quark potential, then charmoniun states will begin
to form at lower temperatures than at μB = 0, and the J/ψ
will be more strongly suppressed than in the present results.
We leave a detailed investigation of this effect for future work.

Figure 22 shows the differential cross sections for J/ψ
and ψ ′ production as a function of rapidity and transverse
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FIG. 23. Production cross sections of J/ψ and ψ ′ multiplied by
the branching ratio to dimuon as a function of rapidity and transverse
momentum in p + Au collisions at E = 29 GeV, assuming absorp-
tion cross sections of 10–20 mb for J/ψ and χc and 20–40 mb for
ψ ′.

momentum in p + Au collisions at 29 GeV. The nuclear ab-
sorption cross sections are assumed to be 10 mb for J/ψ and
20 mb for ψ ′, as in p + A collisions at Ekin = 158 A GeV. One
can see that the production are mainly concentrated around
midrapidity (|y| < 0.3) and at low transverse momentum
(pT < 2 GeV). The integrated production cross sections are
310 nb for J/ψ and 37 nb for ψ ′. If the absorption cross
section of J/ψ and ψ ′ increases to 20 and 40 mb, respectively,
then the production cross sections decrease to 210 nb for J/ψ
and 22 nb for ψ ′.

Figure 23 shows the production cross sections of J/ψ and
ψ ′ multiplied by the branching ratio to dimuon as a function of
rapidity and transverse momentum at midrapidity (|y| < 0.5)
in p + Au collisions at E = 29 GeV, assuming absorption
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√
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cross sections of 10–20 mb for J/ψ and χc, and 20–40 mb for
ψ ′. We note that the cross sections are not scaled by the mass
number of target nucleus, different from the lower panels in
Fig. 7. As discussed in Fig. 11, the nuclear absorption cross
section in principle depends on charmonium rapidity and
transverse momentum, and the results can be improved when
more information on absorption cross section is available.

The maximal collision energy foreseen for heavy-ion col-
lisions at GSI/FAIR is approximately

√
sNN = 5.2 GeV, only

slightly above the threshold for charm-pair production in re-
actions such as NN → D�c and NN → J/ψNN . The blue
curves in Fig. 24 show fits to the charm-production cross
sections, parameterized using the experimental data presented
in Fig. 1. The upper panel corresponds to Pb + Pb colli-
sions at E/A = 158 GeV (

√
sNN = 17.3 GeV), while the

lower panel shows Au + Au collisions at
√

sNN = 5.2 GeV,

representative of the SPS and FAIR energy regimes, respec-
tively. The red dashed lines indicate the nominal nucleon-
nucleon collision energies, whereas the red solid curves show
the distributions of actual nucleon-nucleon center-of-mass en-
ergies obtained from PHSD simulations. These distributions
are broadened by the Fermi motion of nucleons inside the
colliding nuclei. Although the Fermi momentum in the nu-
clear rest frame is typically below 0.2 GeV, its longitudinal
component is strongly amplified by the Lorentz boost in
relativistic heavy-ion collisions. At the nominal collision ener-
gies, the charm-production cross section per nucleon-nucleon
collision amounts to about 5.26 µb at SPS energy and only
0.0038 pb at FAIR energy, according to the parametrization
shown by the blue curves. After folding the production cross
section with the distribution of nucleon-nucleon collision en-
ergies generated by Fermi motion, the corresponding average
cross sections increase to approximately 5.7 µb at SPS and
3 pb at FAIR. Thus, Fermi motion enhances charm produc-
tion at FAIR energies by nearly three orders of magnitude,
corresponding to a factor of about 800. This dramatic en-
hancement arises because

√
sNN = 5.2 GeV lies very close to

the charm-production threshold, where the production cross
section rises steeply with energy. In contrast, at SPS en-
ergies, where the nominal collision energy is well above
threshold, the enhancement amounts to only about 8%. Es-
timating charmonium production in heavy-ion collisions at
FAIR energies remains challenging. In particular, the momen-
tum distributions of charm and anticharm quarks at such low
collision energies, which are required as input to the Remler
formalism, are presently not sufficiently constrained and are
highly sensitive to the treatment of the nucleon Fermi mo-
tion. Nevertheless, the results above indicate that charmonium
production in heavy-ion collisions can be substantially en-
hanced relative to a naive estimate based solely on elementary
p + p collisions, owing to the broadening of the effective
nucleon-nucleon collision energies by Fermi motion. In ad-
dition, short-range nucleon-nucleon correlations may further
enhance the high-energy tail of this distribution and thereby
increase the charm-production probability [110].

IV. SUMMARY

We applied the Remler formalism to study charmonium
production, first at SPS energies, in order to extract the char-
monium interaction rate in the QGP as well as the scattering
cross sections of charmonium in the hadron environment.
These parameters were then used to estimate charmonium
production at GSI/FAIR energies.

In an initial model study, shown in Fig. 11 of Sec. III C, we
assumed that the properties of charmonium do not change in
the QGP by employing temperature-independent charmonium
radii identical to those in p + p collisions. Within the Remler
formalism, a large interaction rate of charmonium in the QGP
suppresses J/ψ production in heavy-ion collisions because
it delays the formation of charmonium. However, even the
largest interaction rate—taken to be twice the interaction rate
of charm quark—fails to reproduce the experimental data in
Pb + Pb and In + In collisions at E/A = 158 GeV measured
by the NA50 and NA60 Collaborations. This failure clearly
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indicates the necessity of including an in-medium heavy-
quark potential.

We therefore considered subsequently the free energy of a
heavy-quark pair as the effective heavy-quark potential. The
rms radius of the wave function obtained for this potential
depends on temperature and diverges near the dissociation
temperature. Since the diverging radius indicates that the
bound state disappears, the initial projection is performed
when it reaches its maximum value, which occurs at approx-
imately 1.15 Tc, although the actual formation temperature of
J/ψ is around 1.2 Tc. The experimental data on J/ψ produc-
tion in both Pb + Pb and In + In collisions at SPS energies are
then successfully reproduced. This result demonstrates the im-
portance of the in-medium heavy-quark potential and suggests
that the dissociation temperature of J/ψ is close to Tc. The re-
sults also depend on the scattering cross section of J/ψ in the
QGP. Although it is not fully conclusive, the results suggest
that the scattering cross section is approximately twice the
charm-quark scattering cross section in the QGP and large as
expected for a weakly bound system with a large rms radius.

For the hadronic phase, we obtained from p + A collisions
a J/ψ nuclear absorption cross section of 7 mb at Ekin = 400
GeV and of 10 mb at Ekin = 158 GeV, while the absorption
cross section of ψ ′ is approximately twice that of J/ψ . The
scattering cross sections of charmonium with light meson
were calculated under the assumption of a universal constant
scattering amplitude, tuned such that the maximum cross sec-
tion is around 10 mb. The reverse reaction, the regeneration of
charmonium from D and D̄ mesons, was determined through
detailed balance. We find that the results for J/ψ production
at SPS energies are not very sensitive to the precise value of
the scattering amplitude.

Since the NA60+ Collaboration will provide experimental
data on J/ψ production in Pb + Pb collisions at energies
between those of the earlier NA50 and NA60 experiments
and that of the upcoming FAIR experiment, we simulated

J/ψ production in Pb + Pb collisions at E/A = 50 GeV
with the nuclear absorption cross section of 10–20 mb. Fi-
nally, using the parameters extracted from SPS energies, we
estimated charmonium production at GSI/FAIR. As a result,
the cross section for J/ψ production in p + Au collisions at
29 GeV is expected to be 210–310 nb, while that for ψ ′ is
about 22–37 nb, depending on the assumed nuclear absorption
cross section (10–20 mb). Our results indicate that charm
and charmonium production in Au + Au collisions may be
significantly enhanced compared to p + p collisions at the
same nominal energy due to the Fermi motion of nucleons.
While the Fermi momentum itself is modest, its effect be-
comes particularly important near the threshold energy of
charm production.
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